1. It was confirmed that bilirubin glucuronyltransferase can be obtained in solubilized form from r&t liver microsomes. 2. Michaelis-Menten kinetics were not followed by the enzyme with bilirubin as substrate when the bilirubin/albumin ratio was varied. High concentrations of bilirubin were inhibitory. 3. The Km for UDPglucuronic acid at the optimum bilirubin concentration was 0.46mM. 4. Low concentrations of Ca2+ were inhibitory in the absence of Mg2+ but stimulatory in its presence; the converse applied for EDTA. 5. UDP-N-acetylglucosamine and UDP-glucose enhanced conjugation by untreated, but not by solubilized microsomes. 6. The apparent 9.5-fold increase in activity after solubilization was probably due to the absence of UDP-glucuronic acid pyrophosphatase activity in the solubilized preparation. 7. The activation of solubilized enzyme activity by ATP was considered to be a result ofchelation ofinhibitory metal ions. 8. The solubilized enzyme activity was inhibited by UMP and UDP. The effect of UMP was not competitive with respect to UDP-glucuronic acid. 9. A number of steroids inhibited the solubilized enzyme activity. The competitive effects of stilboestrol, oestrone sulphate and 3,B-hydroxyandrost-5-en-1 7-one, with respect to UDP-glucuronic acid, may be explained on an allosteric basis.
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The enzyme UDP-glucuronate glucuronyltransferase (EC 2.4.1.17), usually referred to as 'glucuronyltransferase' catalyses the transfer of glucuronic acid from UDP-glucuronic acid to an aglycone, with formation of a glucuronide and UDP. There is considerable evidence [summarized by Dutton (1966) ] for several glucuronyltransferases, with varying specificity for different aglycones, in mammalian liver.
Because of its clinical implications the enzyme activity with bilirubin as substrate has attracted particular attention. Initial reports (Isselbacher, Chrabas & Quinn, 1962; Tomlinson & Yaffe, 1966) indicated that attempts to solubilize liver microsomes by a variety of procedures resulted in partial or complete loss of bilirubin glucuronyltransferase activity. Halac & Reff (1967) reported, however, that a relatively stable, solubilized enzyme activity was obtained by dialysis of rat liver microsomes against alkaline EDTA followed by treatment with deoxycholate.
Several workers have examined the effects of steroids (Hsia, Riabov & Dowben, 1963; Jones, 1964; Bevan, Holton & Lathe, 1965) tides (Pogell & Leloir, 1961; Halac & Reff, 1967; Lester, 1968) on the (non-solubilized) glucuronyltransferase activity of microsomes. Many steroids were inhibitory; nucleotides apparently activated (e.g. UDP-N-acetylglucosamine) or inhibited (e.g. UMP). Several authors speculated on the possible regulatory role of steroids and nucleotides in bilirubin metabolism in vivo particularly in the newborn infant where glucuronyltransferase activities are low (Lathe & Walker, 1958a) .
UDP-glucuronic acid, the co-substrate in the glucuronyltransferase reaction, may also be metabolized by a nucleotide diphosphate sugar pyrophosphatase (Ginsburg, Weissbach & Maxwell, 1958; Conney & Burns, 1961) forming UMP and glucuronic acid 1-phosphate. UDP-glucuronic acid pyrophosphatase is present in both the nuclear (Schliselfeld, van Eys & Touster, 1965) and the microsomal (Ogawa, Sawada & Kawada, 1966) fractions of rat liver and is inhibited by a variety of nucleotides including UDP-glucose, UDP-Nacetylglucosamine and ATP.
We have used a modification of the technique described by Halac & Reff (1967) Preparation of a 8olubilized liver microoqmal fraction. The method of Halac & Reff (1967) was used, with two modifications: (a) the EDTA-dialysis step was omitted since, in two experiments where dialysis was carried out as described by Halac & Reff (1967) , no significant activation of bilirubin glucuronyltransferase was ob. served; (b) Sephadex G-25 (not G-200) was used for removal of deoxycholate from the solubilized preparation.
All operations were performed at 0-40C. A rat liver (10-15g) was homogenized in 0.01 M-tris-0.14M-KCl (pH8.0), with a Teflon-glass homogenizer [12 strokes at llOOrev./min as described by Aldridge, Emery & Street (1960) ] to produce a 20% (w/v) Lowry, Rosebrough, Farr & Randall (1951) . Although the variation between different animal preparations was large the 'within batch' coefficient of variation was 3.5 in a series of ten replicates. Differences from controls of more than 10% were regarded as significant.
Determination of UDP-glucuronic acid breakdown. UDP-glucuronic acid (250,umol) was incubated for 20min at 370C, in 0.5ml of lOmm-tris-0.14mm-KCl at pH8.0, with untreated or solubilized microsomes equivalent to 40mg of liver. In experiments with solubilized microsomes 5,ug of snake venom 5'-nucleotidase was added as the activity of this enzyme was decreased by the solubilization. Each determination was done in duplicate, Pi being determined in a trichloroacetic acid supernatant according to the method described by Fiske & Subbarow (1925) .
RESULTS
Glucuronyltran8ferase activity in solubilized and untreated micro8ome8. The glucuronyltransferase activity in solubilized microsomes was stable for about one week; after this period activity began to decline. The quantity of bilirubin conjugate formed was proportional to both time of incubation (0-20min) and the amount of microsomal protein (0.2-2.5mg). No direct-reacting bilirubin was formed by incubation at 4°C or with an enzyme preparation previously heated in a boiling-water bath for 1 min.
The transferase activity was about tenfold greater in solubilized than in untreated microsomes (Table 1) despite the higher UDP-glucuronic acid concentration used with the latter. This increase in specific activity on solubilization was not due to Variation of glucuronyltran8fera8e activity with Mg2+ and Ca2+ concentrations. In the presence of undialysed serum (Fig. 2) concentration was approximately 5mM. In the absence of added Mg2+ some conjugation occurred, when undialysed serum was present, but there was no activity when dimethylsulphoxide was used in the medium in place of serum (Fig. 2) . In the absence of Mg2+, low concentrations of Ca2+ enhanced the bilirubin glucuronyltransferase activity (Fig. 3a) whereas EDTA was inhibitory. At the optimum Mg2+ concentration Ca2+ was inhibitory (Fig. 3b) Effect of nucleotides on the solubilized glucuronyltranaferase activity. Neither UDP-N-acetylglucosamine nor UDP-glucose affected the solubilized transferase activity (Table 2) . Activity was stimulated by adenosine phosphates, the degree of stimulation decreasing in the order ATP, ADP, 3': 5'-cyclic-AMP, AMP. Of the three uridine phosphates studied UDP and UMP were significantly inhibitory. The effect of UMP was examined with variation of the UDP-glucuronic acid concentration, and expressed as a double reciprocal (Lineweaver & Burk, 1934) plot (Fig. 4) . UMP did not show purely competitive inhibition with respect to UDPglucuronic acid. Similar results were obtained with UDP. For comparison Table 3 shows the results of a typical experiment with untreated microsomes. UDP-N-acetylglucosamine, UDP-glucose and ATP all enhanced conjugation.
Preincubation experimentM. To determine how much of the apparent stimulation by nucleotides was due to inhibition of UDP-glucuronic acid breakdown, microsomal preparations were preincubated with UDP-glucuronic acid (and UDP-N-acetylglucosamine) after which transferase activity was assessed ( Table 4 . Effect of preincubation with or without UDP-glucuronic acid (or UDP-N-acetylglucosamine) on the Bubsequent glucuronyltransfera8e activity of solubilized and untreated microsomes The microsomal preparations were preincubated (10min, 37°C, in air) without bilirubin. UDP-glucuronic acid and UDP-N-acetylglucosamine were added to a final concentration of 0.25mM at the times indicated.
Bilirubin was added after preincubation. The incubation medium was 5.8% (v/v) (Fig. 5 ). Higher concentrations were inhibitory. ATP (1.0mM) stimulated in the presence of Mg2+ and inhibited in its absence (Table 5 , Expt. A; cf. Fig. 3 ). The stimulatory effects of ATP and EDTA were not additive ( (mM) ATP ( Halac & Reff (1967) .
Since this work was completed Graham & Wood (1969) (2) 79 (2) 102 (2) 96 (2) dependent on phospholipid. Treatment of microsomes with phospholipase A or C inactivated the transferase but this could be reversed, in part, by adding phospholipid micelles. Ifthis is confirmed for the system we studied, it implies that phospholipid micelles are present in the 40000gav. (Fig 2) The pattern of response to divalent was 5.8% (v/v) serum and 0.1 mM-bilirubin.
cations and to EDTA and ATP may be explained on the basis that Ca2+ acted as a cofactor in the place of Mg2+ when the latter was absent, but competed in its presence, and that EDTA and ATP behaviour was due to variation of the bilirubin/ were chelating agents. Thus in the absence of albumin ratio (the serum concentation was kept Mg2+, Ca2+stimulated (Fig. 3a) and EDTA inhibited constant). At bilirubin concentrations below (Fig. 3b) . With added Mg2+ (5mM) Ca2+ inhibited 40mm where the molar ratio to albumin was less (Fig. 3a) , whereas EDTA ( Fig. 3b) and ATP than 1 a smaller proportion of the substrate would (Fig. 5 ) stimulated at low, and inhibited at high have been available to the enzyme. Solubilized ( Fig. 3b and (Tomlinson & Yaffe, 1966) . cations.
The enzyme activity obeyed Michaelis-Menten Various attempts have been made to explain how kinetics with respect to UDP-glucuronic acid. At nucleotides enhance conjugation. Pogell & Leloir optimum bilirubin concentrations, it had a Km for (1961) , considered that UDP-N-acetylglucosami-UDP-glucuronic acid (0.46mM) which was similar nase and ATP stimulated p-nitrophenol conjugato that reported for untreated rat liver microsomes tion by inhibiting UDP-glucuronic acid breakdown, (Van Roy & Heirwegh, 1968) and for the EDTA-via pyrophosphatase. Ogawa et al. (1966) showed activated preparation (Halac & Reff, 1967) .
that UMP and UDP inhibited this enzyme. Pogell & Leloir (1961) suggested that nucleotides also had a direct effect on glucuronyltransferase because they stimulated guinea-pig microsomes in which pyrophosphatase was not detected. Hollmann & Touster (1962) have now shown that it is present. Lester (1968) studied the effect of nucleotides on bilirubin conjugation and concluded that there was enhancement that could not be explained by inhibition of pyrophosphatase. Winsnes (1969) (Table 4 ) strongly support the argument that stimulation of non-solubilized microsomes by UDP-N-acetylglucosamine was due to inhibition of UDP-glucuronic acid pyrophosphatase, and that it failed to stimulate the soluble preparation because pyrophosphatase was absent. A less probable explanation is that the transferase lost its sensitivity to uridine nucleotides as a result of solubilization. The stimulation of soluble enzyme by ATP (Fig. 5) was probably due to chelation of Ca2+. The very large effect on microsomes (Table 3) which probably had a different mechanism from that of UDP-N-acetylglucosamine, since they were more than additive, has not been examined.
Inthe soluble preparationUDP andUMP inhibited (Table 2 ). In spite of structural similarities to UDP-glucuronic acid competition was not competitive with this substrate (Fig. 4) . The effect cannot have been due to chelation since the order of chelation capacity (UTP>UDP>UMP) is the opposite of the order of inhibition. Allosteric inhibition is a possibility.
The inhibition of soluble transferase by steroids was not produced at the aglycone substrate site. One of the inhibitory steroids, oestrone sulphate, could not be a substrate. This steroid, 3fl-hydroxyandrost-5-en-17-one and stilboestrol, were 'apparently competitive' with UDP-glucuronic acid (Figs. 6, 7, 8) . In view of the marked difference in structure, competition between steroids and UDPglucuronic acid for a common site would appear to be improbable. There is another possibility, however, for Cleland (1963) has pointed out that the kinetic pattern of competitive inhibition merely requires combination of the substrate and inhibitor with the same form of the enzyme in the reaction sequence, and not necessarily at the same site. An 'apparent competition' then results from an inhibitor-activated conformational change in the protein which leads to decreased binding affinity for the substrate. Although the substrate and inhibitor sites could be visualized on a single protein, a protein consisting of several polypeptide chains is an alternative and possibly simpler explanation. The suggestion that steroids may alter glucuronyltransferase by an allosteric mechanism requires confirmation. It may have some general implication in the control of metabolism by steroids.
The finding that some steroids appear to inhibit competitively with UDP-glucuronic acid may be important in understanding jaundice in the newborn, for UDP-glucuronic acid and UDP-glucose dehydrogenase have been reported to be low in newborn and foetal guinea-pig liver (Brown & Zuelzer, 1958; Dutton, 1959; Flodgaard & Brodersen, 1967) and in human foetuses (Dutton, 1959) . Lathe & Walker (1958b) could not understand why pregnant women were not jaundiced if steroids inhibited transferase. However, in view of the competitive aspect the inhibition would be predicted to be much greater in the newborn when the 'competitor', UDP-glucuronic acid, was low.
There are high concentrations of steroids in foetal blood. At birth most of these steroids are either oestrogens or 3fl-hydroxy-A5-steroids (Mitchell, 1967) . The latter group are found mainly as sulphate conjugates. One A5-steroid, 3,B,16cx-dihydroxyandrost-5-en-17-one, is particularly prevalent, having a concentration in cord plasma of about 360,ug/100ml (Easterling, Simmer, Dignam, Frankland & Naftolin, 1966) , or about 10Mm. The total 3fl-OH-A5-steroid sulphate concentration must be considerably higher than this and may approach the amount (50 pM) at which concentration 3fl-hydroxyandrost-5-en-17-one inhibited the rat enzyme by 20% (Table 6) . 3,B-hydroxyandrost-5-en-17-one appeared, however, to be a more potent inhibitor than its sulphate or the 16ex-hydroxy derivative (Table 6 ). Thus in the newborn three circumstances may favour poor bilirubin conjugation; a small amount of transferase, large amounts of inhibitory steroids and probably inadequate UDP-glucuronic acid which intensifies the steroid inhibition.
The failure to observe a significant inhibition by 5,B-pregnane-30,20fl-diol supports our conclusion (Adlard & Lathe, 1970 ) that this steroid is unlikely to be the causative agent in so-called 'breast milk jaundice' (Arias, Gartner, Seifter & Furman, 1964) .
